We calculate the electrically induced spin accumulation in diffusive systems due to both Rashba (with strength α) and Dresselhaus (with strength β) spin-orbit interaction. Using a diffusion equation approach we find that magnetoelectric effects disappear and that there is thus no spin accumulation when both interactions have the same strength, α = ±β. In thermodynamically large systems, the finite spin accumulation predicted by Chaplik, Entin and Magarill, [Physica E 13, 744 (2002)] and by Trushin and Schliemann [Phys. Rev. B 75, 155323 (2007)] is recovered an infinitesimally small distance away from the singular point α = ±β. We show however that the singularity is broadened and that the suppression of spin accumulation becomes physically relevant (i) in finitesized systems of size L, (ii) in the presence of a cubic Dresselhaus interaction of strength γ, or (iii) for finite frequency measurements. We obtain the parametric range over which the magnetoelectric effect is suppressed in these three instances as (i) |α| − |β| < ∼ 1/mL, (ii)|α| − |β| < ∼ γp 2 F , and (iii) |α| − |β| < ∼ p ω/mpFℓ with ℓ the elastic mean free path and pF the Fermi momentum. We attribute the absence of spin accumulation close to α = ±β to the underlying U (1) symmetry. We illustrate and confirm our predictions numerically.
I. INTRODUCTION
Many recent works have explored mechanisms to generate spin accumulations and spin currents by passing electric currents through spin-orbit coupled electronic systems. On the theoretical side, two related mechanisms have been proposed in disordered metals as alternatives to spin injection via ferromagnets or by optical means. They are current-induced transverse spin currents or voltages, a.k.a. the spin Hall effect, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 and current-induced spin polarization (CISP). 13, 14, 15, 16, 17, 18 The interplay between the two effects has been investigated in Ref. 19 . These effects have been to some extent demonstrated experimentally, 20, 21, 22, 23, 24 and recent theoretical works have extended them to include the mesoscopic regime, where fluctuations of both longitudinal and transverse spin currents in mesoscopic ballistic and diffusive systems are being investigated. 25, 26, 27, 28, 29 Most remarkably, it has been found that the same universality that applies to mesoscopic charge transport 30 also applies to mesoscopic spin transport. 25 The main focus of these theoretical as well as experimental efforts is to use spin-orbit interactions (SOI) as a way to couple external electric fields to electronic spins, the hope being to generate, manipulate and/or measure spin currents and accumulations by purely electrical means. SOI, however, also has the undesired effect of randomizing electronic spins. 31 This dichotomy theoretically limits the use of SOI based magnetoelectric devices as components of information processors to the regime where the size of the device is much less than the spin relaxation length. A way to increase the spin relaxation length has been proposed in Ref. 32 for systems which exhibit SOI of both the Rashba
and the Dresselhaus type
where σ x,y are Pauli matrices. When the two interactions have equal strength, α = ±β, the SOI rotates electron spins around a single, fixed axis. The spin along this axis becomes conserved while spins along the perpendicular directions undergo a deterministic rotation that depends only on the starting and endpoints of their trajectory. In particular, spins are not rotated along closed trajectories, therefore mesoscopic systems exhibit negative magnetoresistance when α = ±β, 35, 36, 37 i.e. weak localization and not weak antilocalization, just as if SOI were absent. An effective spin randomization still oc-curs if the system is connected to many external transport channels, where uncertainties in the position of injection and exit translate into uncertainties in the spin rotation angle, unless injected electrons are prepared as spin-eigenstates of the Hamiltonian. 32 In Ref. 32 (see, in particular, Eq. (7) therein) spatially periodic modes in diffusive systems have been first described for the case of equal strengths α = ±β, with spatial period given by the spin orbit length. These modes are long-lived for these particular SOI strengths (and in the absence of cubic SOI) and are thus referred to as persistent spin helix, 38, 39, 40 i.e. spin polarization waves with specific wavevectors (p x , p y ) = (4mα, 0).
Charge currents flowing through spin-orbit coupled diffusive metals can generate finite spin accumulations.
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This magnetoelectric effect achieves one of the main goals of spin-orbitronics -creating a steady-state, finite magnetization solely by applying an external electric field. The direction of polarization depends on the direction of the electric field and on the spin-orbit interaction. An electric field in x-direction leads to an accumulation in yor x−direction for linear Rashba [Eq. (1)] or Dresselhaus [Eq. (2)] interaction, respectively. The magnetoelectric effect in presence of both Rashba and Dresselhaus interaction has been investigated in Refs. 17, 18 which predicted that the CISP is given by the uncorrelated sum of the two accumulations generated by the Rashba and Dresselhaus SOI independently of one another. In particular, these predictions imply a finite accumulation at α = ±β = 0, whereas symmetry considerations (to be discussed below) require the vanishing of CISP at this point. This motivates us to revisit this issue.
The purpose of this paper is twofold. First, we revisit the Edelstein magnetoelectric effect in presence of both Rashba and Dresselhaus linear spin-orbit interaction. Contrarily to Refs.
17,18 , we find that there is no CISP in any direction at α = ±β. However, the spin accumulation of Refs. 17, 18 is recovered at an infinitesimally small distance away from the singular point α = ±β in infinite systems. Our second goal is therefore, and perhaps more importantly, to figure out to what extent phenomena occurring specifically at α = ±β are physically relevant. To that end, we consider three possible deviations from the treatment of magnetoelectric effects given in Refs. 16, 17, 18 in the form of (i) finite-size effects, (ii) the presence of a cubic Dresselhaus interaction
which is always there whenever a linear Dresselhaus interaction is present, and (iii) an AC electric field. We find that spin accumulations are suppressed over parametric ranges given in each of these three instances by (i) |α| − |β| < ∼ 1/mL which depends only on the linear system size L, and not on the elastic mean free path ℓ, (ii) |α| − |β| < ∼ γp 2 F , and (iii) |α| − |β| < ∼h ω/mp F ℓ. There is a symmetry at α = ±β that is responsible for the vanishing of the magnetoelectric effect. In order to expose that symmetry, we first note that a linear SOI can be considered as a non-abelian SU(2) gauge field with components
(4) The corresponding field strength has only two nonzero components,
They vanish for α = ±β. Alternatively, one can consider the rotated Hamitonian given below in Eq.(10) for α = β and perform the unitary transformation U = e iσxπ/2 to obtain
where
We thus see that the SU(2) gauge field reduces to two conventional U(1) gauge fields in the Hamiltonians H ± . This U(1) field is a pure gauge field, implying vanishing spin conductance. To show this, one can for instance consider the linear response expression for the spin conductance in a two-terminal mesoscopic sample
where the trace is over the spin degree of freedom, the integrals are performed over cross-sections C i,j of the two leads connecting the system to external terminals and the current operators
is the retarded (advanced) Green's function of the system in the absence of SOI. For α = ±β, one can gauge the SOI field out of the current operators via the transformation
which simultaneously gauges out the spin dependence of the Green's function in Eq. (7). We thus obtain (µ = x, y, z)
It is straightforward to see that this gauge argument also applies to CISP, since the latter is given by a formula similar to Eq. (7), with the operator J µ j replaced by a Pauli matrix.
This article is organized as follows. In Section II, we use spin-and charge coupled diffusion equations to calculate the spin accumulation generated by a charge current flowing in a bulk diffusive sample with Rashba and Dresselhaus spin-orbit interactions. This approach allows us to consider spin polarization in a finite size system (Sec. II A), an AC external electric field (Sec. II B) and in the presence of a cubic Dresselhaus interaction (Sec. II C). Section III presents numerical results on a tight-binding Hamiltonian confirming our analytical predictions. A summary of our results and final comments are given in the Conclusions section.
II. ELECTRICALLY INDUCED SPIN POLARIZATION NEAR α = ±β
We consider a disordered 2DEG with non-interacting electrons of mass m and charge e. Choosing coordinates x, y and spin projections σ x , σ y along the crystal axes [110] and [110] , respectively, 48 the system is described by the Hamiltonian
Here, p = (p x , p y , 0) is the electron's momentum, σ = (σ x , σ y , σ z ) is a vector of Pauli matrices (we later use σ 0 = ½), and
is the internal field due to Rashba and linear Dresselhaus SOI given in Eqs. (1) and (2), with strength α and β, respectively. The disorder potential V is due to static, short-ranged and randomly distributed impurities leading to a mean free path ℓ = p F τ /m, where τ is the elastic scattering time and p F the Fermi momentum. The interplay of disorder and SOI is characterized by dimensionless parameters
measuring the spin precession angle due to Rashba and Dresselhaus SOI between two consecutive scatterings at impurities. Our treatment presupposes ξ α,β ≪ 1, which ensures that spin distribution functions vary slowly everywhere across the sample. The coupled spin and charge excitations of the Rashba/Dresselhaus spin-orbit coupled 2D electron gas obey the following integral equation (summation over doubly-occurring indices is assumed)
where S x,y,z (r, ω) and S 0 (r, ω) = n(r, ω) are the spin and charge distribution functions, respectively. We obtain diffusion equations in the presence of both Dresselhaus and Rashba SOI by gradient expanding this integral equation. For β = 0, these equations have been derived using diagrammatic perturbation theory 7 , kinetic equations 6 and quantum Boltzmann equation approaches 8 . For finite α and β we obtain the same diffusion equations as in Ref. 38 which we rewrite here for convenience
Here the spin-charge couplings K x,y s−c , precession couplings K x,y p and spin relaxation rates Γ x,y are given by
For a homogeneous sample with a homogeneous charge current density, it is tempting to assume homogeneous spin accumulations and ignore all partial derivatives of S µ to obtain
for the bulk Edelstein CISP. We note the cancellation of the potentially singular (α ± β) factors in τ x,y . For α → ±β the spin-charge couplings go to zero but this behavior seems to be cancelled by the diverging spin relaxation time to give finite spin accumulations at α = ±β. However the same approach for α set to β from the outset produces vanishing spin accumulations. The main reason behind this inconsistency is that one spin relaxation time of the system diverges as α → ±β. However, in a real, finite-sized system, the spin relaxation time is bounded from above by the typical time to escape to the leads. This is so, because leads provide spin (and charge) relaxation, which for α = ±β becomes the dominant spin relaxation mechanism. Finite-sized effects are thus expected to induce a smooth crossover to zero CISP as α → ±β. In the next section, we show that this is indeed the case.
A. Electrically induced spin polarization in finite systems
We assume a rectangular sample with SOI attached to two external reservoirs defining the current direction, and bounded by vacuum otherwise. We obtain for the charge distribution function (15) where F (E) is the Fermi function. The appropriate boundary conditions are that the spin accumulations vanish at the reservoirs and the normal component of the spin current vanishes at the hard wall boundaries 19, 46 . Solving the diffusion equations we obtain the maximum spin accumulation within the SOI region for an electric field along the x-direction:
For a field in the y-direction, one has the same behavior for S x instead of S y , with|α + β| in the argument of the cosh and S 2DEG = −(α − β)τ dn/dy. Eq. (15) shows that the Edelstein CISP goes smoothly to zero for α = ±β, with the width of the crossover set solely by the system size, generating a singular behavior only as L → ∞. The size of the crossover region is in particular independent of the mean free path ℓ, hence of the strength of the impurity potential, since in our regime, ξ α,β ≪ 1, the spin-orbit relaxation length is independent of disorder. Away from α = ±β, one recovers the standard CISP S 2DEG predicted in Refs. 17, 18 . The validity of Eq. (15) is illustrated numerically below in Fig. 2 .
B. AC-field induced spin polarization
We next discuss the frequency dependence of CISP due to an AC electric field within the framework of the diffusion equations (12a). For α = ±β, this problem has already been addressed by Raichev 45 , and we revisit it briefly only for completeness. In an infinite system the polarization is spatially homogeneous such that all derivatives of S µ in Eqs. (12b)-(12d) vanish. The resulting bulk polarization then satisfies
Further neglecting the influence of SOI on n one finds from Eq. (15) that ∇n = −2νeE and thus
for finite but small ωτ ≪ 1. This result has been found in 43, 44 . As for finite-sized systems, we see that both spin accumulations vanish at α = ±β and that the result of Refs. 17, 18 is only recovered at |α| − |β| ∼ ω/mp F ℓ. In the limit ωτ → 0 the polarization vanishes at the singular points only.
C. CISP in presence of a cubic Dresselhaus interaction
A linear Dresselhaus SOI, Eq. (1), is always accompanied by a cubic Dresselhaus interaction, Eq. (3), whose strength might or might not be much weaker than that of the linear SOI. Because the presence of a cubic Dresselhaus SOI breaks U(1) symmetry at α = ±β, whose presence is crucial to the vanishing of the CISP, we investigate in this paragraph the effect that a cubic Dresselhaus SOI has on the CISP close to those points.
If the cubic contributions are weak we still expect a suppression of the CISP at α = ±β and that the additional spin relaxation due to H 3D renders the point 
which has to be incorporated into the diffusion Eqs. (12b)-(12d). The relevant relaxation rates Γ µ and spin-charge couplings K µ s−c have been calculated in Ref. 42 and Ref. 43 , respectively. In our notation they are given by
where ξ γ = 2γp 3 F τ and the upper (lower) sign applies to the x (y) component. In the presence of cubic SOI the relation K x,y s−c = τ Γ y,x (α ∓ β), which led to the cancellation of divergent terms in Eq. (14a-14c), no longer holds. The polarization is given by Eq. (17),
where now Γ x,y and K x,y s−c are given in Eq (20b), and ǫ zµν is the totally antisymmetric tensor of order three. The CISP is a rational function of ξ α,β,γ . Fig. 1 shows the behavior of S x,y in the presence of weak cubic Dresselhaus SOI (ξ γ = 2γp 3 F τ ≪ ξ β ), as a function of α/β. In this case, the polarization S y does not vanish precisely at α = β but shows a feature in the vicinity of this point. The minimum and maximum around the feature are at α = β(1 ∓ ξ γ /(ξ β 2 √ 2)). The zeros are at α = β(1 − ξ γ /2ξ β ) and α = β(1 − ξ γ /4ξ β ). Thus we conclude that a weak cubic Dresselhaus interaction regularizes the singularity of the CISP around α = ±β. The suppression of the CISP occurs over a width ∝ γp 2 F around α = ±β. The predicted analytical dependences of S µ on Rashba and Dresselhaus SOI strengths in Eqs. (20a), (20b) and (21) may serve as guidance when attempting to tune quantum wells to the symmetry points α = ±β and demonstrate the vanishing of the CISP due to linear SOI at this point.
III. NUMERICAL SIMULATIONS
We now perform quantum tranport simulations demonstrating the suppression of the CISP around the singular point α = ±β for finite size geometries. To this end we consider coherent electron transport in a disordered quantum wire of width W with linear Rashba and Dresselhaus SOI. For the calculations we use a tightbinding version of the Hamiltonian (10) that we obtain from a discretization of the system on a square grid with lattice spacing a. The Hamiltonian is H = H 0 +H so with
Here c † q,σ (c q,σ ) creates (annihilates) an electron with spin σ =↑ or ↓ inẑ-direction on site q = (q x , q y ). The vectorsx andŷ have length a and point in x and y directions, t = 1/2ma 2 denotes the hopping energy, while t R = α/2a and t D = β/2a are the Rashba and Dresselhaus SOI strength, respectively, in terms of which the spin-orbit lengths are given by ℓ R/D so = πat/t R,D . We furthermore include spin-independent disorder of Anderson type in the region of length L, where the on-site energies are randomly box-distributed with U q ∈ [−U/2, U/2]. The disorder strength U determines the elastic mean free path ℓ ≈ 48at 3/2 √ E F /U 2 , which we tuned to values large enough that the system is not localized, but much smaller than the size of the disordered region in all our simulations We obtain the local electron and spin densities
at site q by numerically computing the lesser Green function G < (q, q). To this end we employ an efficient recursive lattice Green function method based on matrixreordering algorithms as described in Ref. 49 . We calculate averaged quantities S i and n , over several thousands of disorder configurations and over a rectangular region in the center of the disordered part of the wire. We compare numerical data with the analytical prediction of Eq. (16). In Fig. 2 we show the normalized, spatially averaged spin accumulation, S y /S 2DEG , as a function of α/β varying the linear system size L. As expected, we find complete suppression of S y at α = β, in agreement with Eq. (16) . Moreover, the pronounced dip around α = β becomes sharper and sharper as L increases, and the numerical data are in good qualitative agreement with the predicted line shape, Eq. (16), in particular, they have the same parametric dependence. The agreement becomes even quantitative if one normalizes the system size and the bulk spin accumulation in Eq. (16), as is done in Fig. 2 . We justify this normalization by the effective reduction of the spin-orbit interaction in confined systems with homogeneous SOI, 51 and the fact that ℓ . Different data sets corresponds to different values of β/α = n/15, n = 10 (black circles), 11 (red), 12 (green),13 (dark blue) and 14 (light blue). In both panels, other parameters are fixed at tR = 0.15t, EF = 0.5t, L = 40a and data have been averaged over 3000 disorder configurations. ξ α,β ≪ 1 and L s ≪ L are completely fulfilled, and qualitatively explains the renormalization of the effective system length and the bulk spin accumulation. We also note that finite-sized effects lead to deviations from our estimates ℓ ≈ 48at 3/2 √ E F /U 2 for the elastic mean free path, and that numerical estimates based on the average inverse participation ratio 50 of eigenstates systematically give a larger value for ℓ for which ℓ/ℓ D so ≃ 0.55. According to Eq. (16), the suppression of the CISP is independent of the strength of disorder / the elastic mean free path of the sample, as long as one stays in the diffusive regime. This prediction is supported by our numerical calculations. We find that the spin accumulation stays approximately constant with respect to the electronic mean free path. This is shown in Fig. 3a . In Fig. 3b we moreover confirm that the CISP is independent of the width W of the rectangular SOI region for W ≥ L. However, we expect a width dependence in the form of a reduction of the CISP upon reducing W , when D'yakonov-Perel' spin relaxation 31 begins to be reduced and finally suppressed due to the lateral confinement.
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IV. CONCLUSIONS
In this work we have studied the electrically induced and spin-orbit mediated spin accumulation in twodimensional diffusive conductors with emphasis on finitesize and finite-frequency effects. In the thermodynamic limit of extended systems with (linear) Rashba and Dresselhaus SOI the Edelstein magnetoelectric effect gives rise to finite spin accumulation up to suppression at the singular point |α| = |β|. However, in many experimentally relevant systems, additional time, respectively, energy scales come into play, such as in tranport (i) through mesoscopic samples of finite size, (ii) in the AC regime and (iii) through samples with cubic Dresselhaus SOI. We have shown, both analytically and numerically, that in these situations the singularity in the spin accumulation at |α| = |β| is widened to a dip. This suppression of the spin accumulation over a finite α/β-range close to α = ±β may have interesting implications with regard to other phenonema based on the Dyakonov-Perel spin relaxation mechanism. As but one consequence, finitesize effects may render the spin-field-effect transistor proposed in Ref. 32 for |α| = |β| effectively operative even if the two linear SOI are not precisely equal. This is so, because the spin rotation along two different trajectories with the same endpoints remains the same, even away from |α| = |β|, if the trajectories are not too long. This is reflected in the finite width |α| − |β| < ∼ 1/mL of the CISP lineshape given in Eq. (16) . Furthermore, given that spin helices also emerge from Eqs.(12a) and (13) 38,39 , we conjecture that it is either finite-size effects or the presence of a cubic Dresselhaus SOI, or both, that render persistent spin helices excitable some distance away from α = ±β, and thus experimentally observable.
While the present analysis is based on diffusive charge carrier motion, it would be interesting to investigate ballistic mesoscopic systems and see whether our results apply there or if our analysis has to be extended. Work along these lines is in progress.
